An apparatus for applying uniaxial stress to a single crystal has been constructed. The stress is produced by turning a differential screw and is measured by a strain gauge. The device fits on a goniometer of a four-circle diffractometer and can rotate around all three axes of the goniometer without restrictions. The lattice constants of Si stressed along [111] were measured and compared with ultrasonically measured elastic constants. The internal stress parameter ~ was calculated from changes of the intensity of the 600 reflection: = 0.74 + 0-04, larger than the value generally accepted (~=0-64+0.04). The implications of this unexpected result are discussed.
Introduction
The strain dependence of the electronic band parameter of semiconductors under uniaxial stress has been the object of extensive investigations (Pikus & Bir, 1974; Welber, Cardona, Kim & Rodriguez, 1975; Aspnes & Cardona, 1978a, b) . Similar investigations have been conducted for the lattice dynamics of semiconducting and insulating crystals (Cerdeira, Buchenauer, Pollak & Cardona, 1972; Tekippe, Ramdas & Rodriguez, 1973) . For the theoretical understanding of these effects, the strain dependence of the crystal structure parameters must be known.
Segmiiller (1963, 1964) and Segmfiller & Neyer (1965) were the first to investigate the crystal structure of Si and Ge under uniaxial stress along [111] by means of single-crystal X-ray diffraction. Their experimental results confirmed Kleinman's (1962; Goroff & Kleinman, 1963 ) theoretical model about the internal strain of the diamond structure. According to Kleinman, the bond lengths to the four nearest neighbours remain nearly unchanged under uniaxial stress along [111] although the macroscopic strain is not * Present address: AEG Telefunken $8, 7100 Heilbronn, Federal Republic of Germany. negligible. Therefore, when the Si 4 tetrahedron is compressed along the Si-Si bond parallel to [111] , three tetrahedral angles become smaller, while the other three increase. Kleinman described this effect by means of the bond-bending parameter ~ (0 < 7 < 1).
In the limit ~ = 0, the bond lengths of a tetrahedron decrease with compression while the angles remain constant. In the opposite limit, ~ = 1, the bond lengths of a tetrahedron remain nearly constant under compression, but the angles are changed.
The internal strain parameter ff has also been determined for the zinc blende structure GaAs by Koumelis & Rozis (1975) and Koumelis, Zardas, Londos & Leventouri (1976) .
Segmfiller's stress apparatus (Segmfiller, 1964) was connected permanently to a goniometer. The new apparatus for applying uniaxial stress to a single crystal has the advantage that it can be fixed in the Eulerian cradle of a four-circle diffractometer and removed without difficulties. Three main conditions determined the design of the apparatus. Namely, it should be possible: (1) to rotate around all three axes (e), q), Z) of the Eulerian cradle without restrictions; (2) to reduce the measurable range of reciprocal space as little as possible; (3) to measure the pressure in situ, i.e. without removing the apparatus from the diffractometer.
Si stressed along [111] was chosen as a test substance. The lattice parameters and their stress dependence were determined and the internal strain constant was calculated from the intensity changes of the 600 reflection, which is strongly forbidden for unstrained Si. The value obtained, ~=0.74+0.04, is considerably larger than that previously determined [0.64+0.04 (Segmtiller & Neyer, 1965) ] although it agrees with a recent determination by Cousins, Gerward, Staun Olsen, Selsmark & Sheldon (1982) . The new value of ~ requires a revision of calculations for a number of lattice dynamical parameters and band-structure deformation potentials. It is shown that the new results agree better with experiment than those determined on the basis of the former value of ~. 0021-8898/82/020148-06501.00 ~ 1982 International Union of Crystallography
Apparatus
In Fig. 1 a schematic drawing of the main part of the uniaxial stress apparatus is shown. All parts are made of maraging steel. The pressure is measured by means of a strain gauge. The leads to the strain gauge can be disconnected (see Figs. 1 and 2) so that the apparatus can rotate freely in the Eulerian cradle. One end of the sample holder and the edge of the central hole of the frame are cut off to make the opening angle for the primary and reflected beams as large as possible. The small pin between the upper sample holder and the screws at the top takes all the torques produced by rotating the differential screws and transmits the uniaxial stress to the sample.
The device described above is adapted to the diffractometer in the same way as is the diamond-anvil cell for hydrostatic pressure (Denner, Dieterich, Schulz, Keller & Holzapfel, 1978) . The device is mounted on a special goniometer head which allows the sample to be adjusted in all three directions ( Fig. 2) . It is fixed at 7~ = 0 and ~ = 180 ° in the large/~ circle of the goniometer, to keep the sample exactly in the center of the Eulerian cradle. The device can also be rotated by 90 ° and fixed to the goniometer head so that the sample and the direction of the applied stress are in the horizontal plane.
along the c axis slightly changes the value of z to z'. This causes the intensity of the 336 reflection (cubic indices 600) to appear and to increase with increasing stress.
From the ratio IF(336) 1/1 F(341)1, the changes of the )le r ~te
Calculations
Segmfiller's relationship between the 600 structure factor F(600), which is strongly forbidden for unstrained Si, and the bond-bending parameter ~ is (Segmfiller, 1963) F(600) = 2rr 6e~f (600), (1) where e is the uniaxial strain and f(600) is the atomic scattering amplitude of Si. In view of the effects of absorption and (especially in this experiment) extinction which influence the scattered intensity it did not seem reasonable to use (1) for the calculation of the bond-bending parameter (. Instead, we calculated the bond-bending parameter from the intensity ratio of two reflections, an allowed and a forbidden one, in the way given below.
Uniaxial stress 
In the space group R3m, Si occupies the site 6(c):
(0,0,z). For unstrained Si, z has the value 1/8. Stress z parameter of Si can be calculated (the rombohedral 341 reflection has the cubic indices 331).
(derived from the structure-factor equation of space group R3m), f is the scattering amplitude of Si (the primes refer to the strained Si structure). The reflection 341 was chosen because 1. it gave strong intensity for unstrained Si. No intensity changes could be observed when stress was applied.
2. it had nearly the same sin 0/2 as the 336 reflection.
Following Segmi.iller & Neyer (1965) we. use the relationship calculations of the bond-bending parameter ~ the 336 intensity at atmospheric pressure was subtracted from the 336 intensity at higher stress (see Table 1 ). An even better procedure, which we followed, is to calculate from the slope of the linear least-squares fit of the points of Fig. 4 . The bond-bending parameter calculated in this (Segmfiller, 1964; Segmiiller & Neyer, 1965) . Since the conclusion of our studies on Si, we have tried to determine the bond-bending parameter of diamond, for which no experimental data seem to exist. This investigation was of particular interest in view of the fact that theoretical calculations (Martin, 1970) based on valence force-field models yield ~ = 0-2 for diamond, much less than the value measured for all other substances crystallizing in the diamond and sphalerite structure (¢ > 0-74).
Our measurements on diamond were done in the same fashion as for Si. The sample used was a 6 × 1 x 1 mm parallelepiped. The measuring times for the intensities of the 200cu b and 600cu b reflections, strongly forbidden in the unstressed structure, were 24h. Unfortunately, the net intensities measured within this time were too weak to give a reasonably reproducible value for ~. Estimates based on the scattering factors for carbon and a ~ value of 0.2 gave measuring times about 2500 times larger than those used in the Si studies in order to obtain the same accuracy. This means that the measuring times should be at least a fortnight for one forbidden reflection. The long-time stability of our equipment, however, is not good enough for such lengthy measurements.
Si[1111
The parameter ~ appears prominently in macroscopic theories of lattice dynamics. In Martin (1970) , for instance, it is expressed as a function of the parameters and ,6 which represent the force constants associated with the stretching (~) and the bending (//) of tetrahedral bonds. This expression is
~+//"
The parameters .~ and // are determined in Martin (1970) from a fit to the experimental values of the elastic constants (see Table 2 ). Once the values of and//are known it is possible to calculate ~ with (5) and the complete phonon dispersion relations. The optical phonon frequency at F (Raman phonon) is given by (Martin, 1970) 
while that of the transverse acoustic phonons at X, a prominent critical point, is (Musgrave & Pople, 1962) 8 cO~-g(X) = ~fl.
The values of the elastic stiffness constants, ~, coo(F) and CO~A(X) resulting from the fit of Martin (1970) are given in Table 2 together with experimental results. While the fit of the elastic constants and the Raman frequency is good, the values found for ~ are too low and those of CO-rA much higher than the experimental ones. The discrepancies just mentioned led Weber (1977) to introduce his 'bond charge model' (BCM) in which long-range electrostatic forces resulting from the overlap charges of the covalent bonds are included. Such forces should affect particularly strongly the longwavelength elastic constants while their effect on edge of the zone phonons and on coo(F ) should be small. We thus believe that part of the discrepancies between Martin's results and experiments (Table 2) stems from having fitted only elastic constants without long-range electrostatic forces. The situation is improved considerably if co0(F) and ¢ are used for the fit. We obtain, with (5) and (6), e= 54.21, // = 8-10,
and, with (7), coTA(X) = 18"6 mm-1,
in better agreement with the experimental result [(.OTA(X) = 15-1 mm-1]. Another recent theoretical estimate of ( based on first-and second-neighbor Bornvon Karman force constants yield (=0.71 for Si (Vashney & Gundjian, 1978) . As expected, the elastic constants differ now considerably from those found from experiments. An expression for the internal stress parameter ( of polar tetrahedral materials (e.g. GaAs) is also given by Martin (1970): o~ -fl -8. 36SeZ / a3o ( --
+ where S is related to the dynamical effective charge of the optical mode at F. For GaAs, S=e*2/K =0.441 (K is the dielectric constant of GaAs). The value of should be roughly the same for Si as for GaAs, while /3 is known to decrease linearly with ionicity f~, vanishing for f~ = 1. Since for GaAs f~ = 0.31 (Martin, 1970) , we estimate/3(GaAs) -/3(Si) × 0.69 = 5-05 N m-1 Equation (10) then yields for GaAs (GaAs) = 0.79.
This estimate of ( is in reasonable agreement with the experimental value (=0-77 obtained for GaAs (Koumelis & Rozis, 1976) , in contrast to the estimate =0.6 (Martin, 1970) , which is much too low. The theory of the effect of a uniaxial stress along [111] on the vibronic and the electronic properties of silicon (Pikus & Bir, 1974; Aspnes & Cardona, 1978a, b; Cerdeira, Buchenauer, Pollak & Cardona, 1972 ) is also strongly dependent on the value of ~ and thus has to be revised. Such a stress, for instance, produces a splitting of the F2s. valence-band state which is determined by the deformation potential d (Pikus & Bir, 1974; Aspnes & Cardona, 1978a, b) . The following theoretical expression for d was obtained by Aspnes & Cardona (1978a) :
1 where f2= ~(2rc/a0) 2, vi are pseudopotential form factors, G are reciprocal-lattice vectors, and/3 = 0 and y=0 represent the electronic eigenvectors. With the values ofv 1 and dvi/d In G for silicon found by Cardona (1972) , we obtain d=(1.9-8.1() eV.
For (=0.74 we obtain from (13) d=-7-9 eV, much larger than the average experimental value d = -5-4 eV (Madelung). We point out, however, that the first term on the right-hand side of (13) is affected by a large error which results from the difference of large cancelling terms. For germanium, for instance, (12) yields, with (= 0.74, d ~ -5 eV, in perfect agreement with experiment. A more elaborate early calculation with the OPW method for silicon yielded d=-5.1 eV for = 0.74 and d = -4.4 eV for ~ = 0.64. The latter value thus seems to be too low when compared with experiments, a fact which tends to support the new value of ~=0.74. The corresponding analysis of the effect of a [111] stress on the Raman phonons of silicon (Cerdeira, Buchenauer, Pollak & Cardona, 1972; Bell, 1972) will be published elsewhere.
The surprising result just reported for silicon suggests the value of ~ given by Segmfiller (1963 Segmfiller ( , 1964 and Segmfiller & Neyer (1965) for germanium may also be in error. We are at present in the process of redetermining this value.
Conclusion
We have developed a cell for X-ray single-crystal studies under high uniaxial stress. As a test of the cell we have measured the internal stress parameter ( of silicon and found it to be equal to 0.74_+0-04, in disagreement with Segmfiller & Neyer's (1965) generally accepted results. Our results seem quite reliable as we have been able to reach a stress of nearly 1.6 GPa, higher than in previous work (Segmfiller & Neyer, 1965 ) and the measurements have been performed by comparison of a forbidden with an allowed reflection. The implications of these results in the theory of deformation potentials, in particular the deformation potentials d of the valence bands, has been discussed. Similar investigations for diamond have shown that it is not possible to determine its bond-bending parameter with our available commercial four-circle diffractometer.
